Experiments were carried out to determine molybdenum isotope fractionation associated with adsorption to pyrite. Results show that the Mo isotope composition of the aqueous solution becomes progressively heavier as Mo is adsorbed, with a Mo isotope fractionation as large as 2.9‰. This fractionation is larger than observed for typical anoxic continental margin marine sediments (e.g., ~0.7‰), suggesting that Mo adsorption to pyrite is not the dominant process operating in these environments. However, our adsorption results do suggest the possibility that anoxic fractionation processes could impart an isotope signature within the geologic record similar to the isotope fractionation observed under oxygenated conditions. Additional experiments were conducted at high (~100 µM) dissolved Mo concentrations, but at varying pH and ∑H 2 S concentrations, and in each case these experiments promoted Mo-sulfide precipitation. Even though the experiments were conducted under differing conditions and produced different amounts of precipitate, the results suggest a constant fractionation of ~0.9‰ associated with this Mo removal process. This fractionation is more consistent with that inferred for anoxic continental margin marine sediments, suggesting that a process similar to Mo-sulfide precipitation, rather than an adsorption process, may be responsible for the Mo isotope compositions observed in these environments. The findings of this study suggest that, regardless of the geochemical mechanism employed, sediment Mo sequestration under anoxic conditions may impart a significant isotopic fractionation relative to parent seawater.
, and formation or subsequent removal of these intermediates may be one way of driving variations in Mo isotope fractionation under reducing conditions (Neubert et al., 2008) .
In the open ocean, which is generally devoid of dissolved sulfide, Mo is primarily present as molybdate (MoO 4 2-; e.g., Emerson and Huested, 1991) . Here seawater Mo concentrations are relatively high (~105 nM) and quasi-uniform (Collier, 1985; Fig. 1A) , and the modern seawater Mo isotope composition also appears to be reasonably uniform as well (Barling et al., 2001; Siebert et al., 2003) . In well-oxygenated sediments of the open ocean, Mo is primarily associated with solid-phase Mn and Fe-oxides (e.g., Bertine and Turekian, 1973; Calvert and Pedersen, 1993; Chappaz et al., 2008) . Experimental work and natural samples have shown that Mo adsorption to Mn-oxides results in sediment Mo isotope values that are fractionated relative to parent seawater Mo (Barling et al., 2001; Siebert et al., 2003 Siebert et al., , 2006 Barling and Anbar, 2004; Wasylenki et al., 2008; Poulson Brucker et al., 2009; Figs. 1B and C) . The process responsible for this particular fractionation appears to be related to a change in coordination from tetrahedral to octahedral (e.g., Wasylenki et al., 2011; Kashiwabara et al., 2011) .
INTRODUCTION
Molybdenum is an element that has received attention as a tracer for ancient Earth chemistry (e.g., Algeo and Lyons, 2006; Tribovillard et al., 2006; Anbar and Rouxel, 2007; Scott et al., 2008 Scott et al., , 2011 Lyons et al., 2009) . This interest has been sparked, in part, because Mo changes solubility with the respective presence or absence of sulfide (e.g., Helz et al., 1996) , and because differing oxidation-reduction conditions appear to impart distinctive Mo isotopic fractionations (e.g., Anbar and Rouxel, 2007; Poulson Brucker et al., 2009) . Sulfide concentrations control Mo speciation in anoxic environments, with the dominant dissolved Mo phase transitioning from molybdate (MoO 4 2-) to tetrathiomolybdate (MoS 4 2-) at a sulfide-controlled geochemical action point switch (APS) of ~11 µM H 2 S (aq) (Helz et al., 1996 Erickson and Helz, 2000) . At sulfide concentrations below the APS, thiomolybdate intermediates (MoO x S 4-x 2-) may be scavenged by organic matter or solid sulfide phases (Helz et In contrast, under the highly-sulfidic conditions (>10 µM H 2 S [aq] ) of the restricted Black Sea, near-complete water column Mo removal is apparent (Emerson and Huested, 1991; Nägler et al., 2011; Fig. 1A) . In the deep Black Sea the sulfide APS for Mo is met in the water column, and sediments record a Mo isotope composition analytically indistinguishable from that of seawater (Arnold et al., 2004; Neubert et al., 2008; Fig. 1B) . However, euxinic environments like the Black Sea where high concentrations of sulfide are present in the overlying water column are relatively rare in the modern ocean, and the predominant anoxic sedimentary sink for Mo in the modern ocean likely comprises a variety of other continental margin environments (e.g., McManus et al., 2006) .
In continental margin settings, high biological productivity can intensify water column oxygen minimum zones (OMZs, e.g., Diaz and Rosenberg, 2008) and sediments underlying OMZs experience reducing conditions, though detectable sulfide is typically limited to sediment pore fluids (e.g., Fossing, 1990) . Sediment Mo isotope compositions from these anoxic (but non-euxinic) settings suggest that fractionation occurs between anoxic authigenic sedimentary Mo deposits and seawater Mo (Fig. 1B) , though this fractionation can be quite variable, and the controlling geochemical mechanisms remain somewhat vague (e.g., Neubert et al., 2008; Poulson Brucker et al., 2009) .
The importance of the Fe cycle as an additional control on anoxic sediment Mo fractionation, through interactions with either pyrite or iron oxides, is particularly noteworthy as Mo is thought to interact with these phases (Huerta- Diaz and Morse, 1992; Helz et al., 1996 Helz et al., , 2004 Zheng et al., 2000; Goldberg et al., 2009 Goldberg et al., , 2012 Kashiwabara et al., 2009) . Experimental investigations of molybdate adsorption to Fe-oxides generated a range of Mo isotope fractionations, from 0.8 to 2.2‰ depending upon the Fe-oxide mineralogy (Goldberg et al., 2009; Fig. 1C) . This range of values is similar to the range observed in manganous, ferruginous, and sulfidic (terminology from Canfield and Thamdrup, 2009 ) marine sediments , Poulson Brucker et al., 2009 , which raises the possibility that Fe-oxide cycling may influence Mo isotope behavior in these settings as well.
Notwithstanding the potential role of Mo adsorption to iron oxides in reducing continental margin settings, the dominant processes influencing Mo burial in such environments are thought to reflect diagenetic reactions among Mo, reduced sulfur phases, and iron (e.g., HuertaDiaz and Morse, 1992) . This makes sense in that iron and sulfur oxidation-reduction reactions are common early diagenetic processes in continental margin sediments (e.g., Severmann et al., 2010 (Collier, 1985) . The Black Sea Mo data were tabulated in Dyrssen (1999) , which were taken from Emerson and Huested (1991) . Black Sea sulfide data were taken from Neretin et al. (2001) and the oxygen data from Colodner (1991) Barling et al., 2001; Siebert et al., 2003; Barling and Anbar, 2004; Goldberg et al., 2009) . Anoxic processes refer to those determined in this study and error bars represent are 2σ.
host-phase for Mo in anoxic sediments (Huerta-Diaz and Morse, 1992) . Furthermore, laboratory experiments have demonstrated sorption of Mo-sulfides to pyrite, and this sorption results in the formation of a Mo-Fe-S cubane structure (Helz et al., 1996; Bostick et al., 2003; Vorlicek et al., 2004; Xu et al., 2006) . Because cubane formation alters the bonding environment around the Mo atom (Bostick et al., 2003) , this process might be expected to fractionate Mo isotopes.
This study presents anoxic laboratory experiments investigating Mo isotope fractionations associated with both Mo adsorption to pyrite and Mo-sulfide precipitation. Our approach builds upon similar anoxic Mo experimental investigations (Bostick et al., 2003; Xu et al., 2006) by adding Mo isotope measurements, thereby providing new constraints on the mechanisms associated with the sequestration and isotope fractionation of Mo in anoxic continental margin sediments.
EXPERIMENTAL METHODS

Experimental conditions
The parameters for our initial adsorption experiment (indicated as Experiment Series A, Table 1 ) were selected to simulate natural conditions in reducing marine sediments to the extent analytically feasible. The starting aqueous molybdenum solution was ~300 nM, which is roughly three times the Mo concentration typically measured in seawater (Collier, 1985) . The experiment was conducted at a pH of 6.5 because the pH of anoxic pore fluids is generally self-buffered at ~6.6, owing to reactions between the sulfide produced via sulfate reduction and the carbonate present in ambient seawater (Burdige, 2006) . To maximize Mo adsorption no additional aqueous sulfide was added in this experiment, as previous work has suggested that sulfide outcompetes Mo for available sorption sites on pyrite (Bostick et al., 2003) .
Four additional experiments (Experiment Series 1-4, Table 1 ) were conducted at ~100 µM Mo. We selected this increase in aqueous Mo concentration for ease of analytical measurements, and to reproduce the concentrations of similar previous pyrite sorption experiments (Xu et al., 2006; Bostick et al., 2003) . For Experiment Series 1 and 2 (conducted at pH 4.1 and 6.0 respectively), no sulfide was added, whereas Experiment Series 3 and 4 (conducted at similar pH values of 4.0 and 6.5 respectively) were performed in the presence of dissolved sulfide (400 and 700 µM sulfide respectively; Table 1 ).
Aqueous MoS 4 solutions
The primary aqueous Mo solutions for all experimental runs were prepared in an air-tight glass vessel equipped with gas-tight ports for pH maintenance (electrode and deoxygenated HCl input), degassing (nitrogen inlet and outlet), and sample addition or removal (e.g., see Poulton, 2003) . All experiments were run at an ionic strength of 0.005 M (NaCl), stirred constantly, and held at a temperature of 25°C using a water bath. The desired initial aqueous MoS 4 concentrations were achieved through the addition of (NH 4 ) 2 MoS 4 salt to 18 MΩ H 2 O (Table 1) . Solutions were degassed with ultra-pure nitrogen (99.999%), which was further purified by passing through an Alltech oxygen trap and an Alltech indicating oxygen trap for at least 1 hour prior to sampling or sulfide addition. Initial solution pH was raised either through sulfide (added as Na 2 S·9H 2 O) or dilute NaOH addition (Table  1) ; all other pH adjustments were made through the addition of deoxygenated HCl (Table 1) as necessary (controlled via a pH-stat), and no pH buffers were used. All acids used in the experimental series, sample preparation, and sample analyses were trace metal clean; ultrapure used as purchased, or distilled in-house.
Pyrite suspensions
Aliquots (50 ml) were extracted from the bulk MoS 4 solution using an airtight syringe and immediately injected into nitrogen-purged glass bottles (150 ml) containing preweighed amounts of pre-washed synthetic pyrite (FeS 2 , Strem Chemical, Table 1 ). This particular synthetic pyrite was selected because it is from the same manufacturer as the material used in similar previously published sorption experiments (Bostick et al., 2003; Xu et al., 2006) . The pyrite was washed with water, 0.1M HCl, and 0.01M sulfide to remove oxidized surface species prior to use, then freeze-dried and stored in the freezer. Surface area was not measured in this study, but Bostick et al. (2003) report a surface area of 41.7 m 2 /g for pyrite from the same manufacturer treated with the same cleaning procedure.
The suspensions were allowed to react on a shaker table for at least 7 hours to reach adsorption equilibrium (Xu et al., 2006) . Pyrite was then filtered from all suspensions through 0.2 µm PTFE syringe filters, and solutions were stored unfrozen in pre-washed LDPE bottles (with Parafilm banding around the lids for additional deterrence of oxygen penetration) for transport and further analysis. The pyrite fractions were collected and stored on the filter cartridges.
Mo analyses
The Mo concentrations of all aqueous filtered solutions were determined directly by inductively-coupled plasma mass spectrometry (ICPMS, Thermo PQ ExCell; Supplementary Table 1) . Samples were diluted as necessary to achieve ~30 ng Mo sample sizes for analysis. Replicate ICPMS analyses were performed on ~40% of all experimental samples in this study, and measured Mo concentrations were on average reproducible to within Additional sample aliquots from the experimental LDPE sample bottles were spiked with a 97 Mo-100 Mo double-spike solution and pre-concentrated by ion exchange chromatography for Mo isotope analysis following previously published techniques (Siebert et al., 2001 Table 3) , double-spiked and preconcentrated as described for experimental samples. The long-term average measured Mo concentration was 107 ± 13 µM (2-SD, n = 14, Supplementary Table 1 ). The reproducibility of individual 98 Mo/ 95 Mo ratios is typically at or below 0.1‰ (2σ) from inrun statistics (Supplementary Table 3) , and the long-term average isotope composition for the 10 ppm Mo standard was δ 98 Mo = 0.0 ± 0.2‰ (2-SD, n = 17, Supplementary Table 3 ). Replicate MC-ICPMS analyses were performed on ~40% of all experimental samples in this study, and the reproducibility of sample Mo isotope compositions was generally consistent with that of our standard solution, on average within ±0.2‰ (2-SD; Supplementary 
RESULTS
Mo adsorption to pyrite
The measured Mo concentration at the start of Experiment Series A (labeled "A-Start" in Table 1 ) was 301 nM (Table 1 ). This value is consistent with the calculated initial Mo solution concentration (259 nM, Table 1 ), suggesting at most a 0.0004 g error in the quantity of (NH 4 ) 2 MoS 4 salt initially added to the bulk 1L Mo experimental solution. For each pyrite-reacted experimental sample (A1-A5), the Mo lost from solution was calculated as the difference between the measured sample Mo concentration and that measured in the initial starting solution (Table 1 ). The aqueous Mo concentrations of the reacted samples suggest sorption of Mo is a function of pyrite suspension density, with a dissolved Mo uptake of ~60 nmol/g pyrite ( Fig. 2A) . As much as 64% of the available aqueous Mo appears to have adsorbed to the pyrite during the 24-hour suspension reaction time (Table 1 ). This experimental series may be pyritelimited; that is, the extent of Mo sorption may be limited by the number of available reactive surface sites on pyrite, which itself is a function of the surface area supplied in each experiment.
The initial solution Mo isotope composition is δ 98 Mo aq = -0.1‰, but the Mo isotope composition of the aqueous solution becomes progressively heavier as more Mo is lost from solution (due to the small quantity of Mo, sample A5 was not successfully run for Mo isotopes), suggesting that the lighter Mo isotopes are preferentially adsorbed to the pyrite surface (Fig. 2B, Table 1 ). If we recast the data calculating F as the fraction of aqueous Mo adsorbed (e.g., [% Mo Lost] in Table 1 ), the data are best fit by a linear regression (R 2 = 0.99; Fig. 2B ), suggesting that Mo is adsorbed to the pyrite surface with a constant fractionation of ~2.9 ± 0.1‰. Because of the difficulties associated with quantitatively recovering the pyrite from the filters, the pyrite-associated Mo was not analyzed and we are unable to confirm this fractionation by mass balance. Nevertheless, that the solution data all fall on a linear trend is consistent with the suggestion the Mo isotope fractionation associated with adsorption to pyrite is largely an equilibrium isotope effect. Similar equilibrium isotope behavior has been observed in previous Mo adsorption experiments (e.g., Barling and Anbar, 2004) .
Mo-sulfide precipitation
Experiment Series 1-4 were conducted at higher aqueous Mo concentration (~100 µM) relative to Experiment Series A (~0.3 µM; Table 1 ). As with Experiment Series A, pyrite was reacted with the prepared experimental Mo solutions in Experiment Series 1-4, with the exception of the solutions used as controls for each experiment (labeled "START"; Table 1 ). If the relationship observed in Experiment Series A holds, and Mo adsorption is limited to ~60 nmol Mo/g pyrite ( Fig. 2A) , it is possible that under these experimental conditions the maximum quantity of Mo adsorbed would be negligible with respect to the total amount of Mo in solution. For example, in Experiment Series 1 samples E and F, which have the highest pyrite suspension densities of any experimental run (9.9 g/L; Table 1 ), which would suggest that at most onlỹ 0.6 µM Mo may have been adsorbed; less than 1% of the total initial Mo concentration (Table 1) .
Despite the prediction of negligible Mo loss due to adsorption, all of the samples from Experiment Series 1-4 appear to have lost considerable dissolved Mo relative to the calculated initial concentrations, including the starting solutions that were never reacted with pyrite (Table  1 , Fig. 3A) . It thus appears that the increase in Mo concentration for these experiments (as compared to that of Experiment Series A) promoted significant Mo precipitation. Samples from the higher pH experiments showed less Mo removal, with the greatest quantity of Mo lost from solution at pH 4 with added sulfide (Experiment Series 3; Fig. 3A , Table 1 ), where a dark-colored precipitate was visible in the bottles of filtered aqueous Mo samples. From the experimental control solutions never reacted with pyrite ("START" samples, Table 1 ) we can calculate the % Mo Lost to precipitation (relative to the calculated initial Mo concentration from the known quantity of (NH 4 ) 2 MoS 4 salt added; Table 1 ) and evaluate precipitation-controlled Mo isotope fractionation for these experiment series.
As seen in the adsorption results from Experiment Series A, the aqueous Mo solutions of the initial starting solutions from Experiment Series 1-4 become isotopically heavier with increasing Mo loss, regardless of the experimental conditions (e.g., pH and ∑H 2 S; Table 1 ). Recasting the data in terms of F as the fraction of aqueous Mo precipitated (e.g., [% Mo Lost] in Table 1 ), the data are best fit by a linear regression (R 2 = 0.92; Fig. 3B ), suggesting a fractionation of ~0.9 ± 0.2‰ between the aqueous solution and the solid-phase Mo.
Most pyrite-reacted samples from these experimental series have total estimated % Mo Lost similar to the initial starting solutions, generally within ~10% (Table 1, Fig. 3A) . The notable exception is Experiment Series 3, where samples reacted with pyrite appear to have lost 20% more Mo than the initial starting solution (Table 1 , Fig. 3A ). It appears that some additional process (perhaps adsorption to pyrite, perhaps a yet unidentified mechanism) has impacted the aqueous Mo concentrations of the samples from Experiment Series 3 that were re- acted with pyrite. Therefore, the data from these samples (Experiment Series 3A-F) are not used in further calculations regarding Mo precipitation.
For Experimental Series 1, 2, and 4, the similarity among the extent of Mo loss in the starting control solutions and those reacted with pyrite suggests that the same Mo precipitation process likely dominates Mo removal in all experimental samples, with adsorption to pyrite playing a minor role. It is worth noting, however, that the samples with the most Mo loss in a given experiment are typically those with the highest pyrite suspension densities (Table 1 ). This suggests that sorption to pyrite (while possibly a minor process) has presumably occurred in these experiments, and may still impact the measured Mo isotope compositions. However, if we set the specific details of the removal process aside and again recast samples from Experimental Series 1, 2, and 4 in terms of F (e.g., [% Mo Lost] in Table 1 ), the data are reasonably well-fit by a linear regression (R 2 = 0.83; Fig. 3C ) that still predicts a fractionation of ~0.9 ± 0.1‰ between the aqueous solution and the solid-phase Mo. We note here that this equilibrium modeling requires further validation, and should be treated as being equivocal at this point. If for example, we were to combine all the solutions, including those from Experimental Series 3, and treat those solutions as a closed system Rayleigh process, a similar offset could be obtained (Fig. 3D) . Although there are a number of assumptions required for such a treatment, including that each of these experiments behaves the same, the salient point is that both approaches yield similar values and are both consistent with what we observe in the natural environment, which is in contrast to the Experimental Series A experiment.
DISCUSSION
The adsorption-controlled Mo isotope fractionation observed in our Experiment Series A (2.9‰) is much larger than that predicted from pore water samples in reducing sediments (e.g., see McManus et al., 2002) and the inferred seawater-reducing sediment fractionation predicted from observations at several continental margin sites (∆ 98 Mo SW-SEDS ~ 0.7‰; Poulson Brucker et al., 2009; Figs. 1B and C) . Although we appreciate that Mopyrite interactions are indeed likely in these settings (Huerta-Diaz and Morse, 1992) , the observed discrepancy between natural and experimental fractionations leads us to conclude that Mo adsorption to pyrite (as observed in these experiments) is not the dominant process responsible for Mo sequestration in continental margin sediments. The fractionation observed in the Mo-precipitation experiments (~0.9‰), however, is more consistent with the average isotope fractionation associated with Mo burial in anoxic continental margin sediments (Poulson Brucker et al., 2009; Figs. 1B and C) . This result suggests that a precipitation-like process (rather than a strict adsorption process) may be a more important control over Mo isotope compositions in these environments.
Regardless of the mechanism, it is clear from our experimental results that Mo isotope fractionation under reducing conditions could potentially produce Mo isotope values similar to those observed under more oxygenated conditions (e.g., Fig. 1C) . Notably, the adsorption-controlled Mo isotope fractionation observed in our anoxic Experiment Series A (2.9‰) is similar to the 2.7‰ fractionation previously observed between soluble molybdate (MoO 4 2-) and Mo adsorbed to Mn-oxides under oxic conditions Wasylenki et al., 2008;  Fig. 1C) . Bostick et al. (2003) Kashiwabara et al. (2011) attribute the magnitude of fractionation observed during Mo adsorption to Mnoxides to formation of distorted inner-sphere complexes. It may be that when adsorption of aqueous Mo involves significant Mo restructuring and the formation of innersphere complexes, whether under oxic or anoxic conditions, the magnitude of the associated fractionation is the same. This observation potentially complicates the Mo isotope paleoproxy, as it means that the same Mo isotope fractionations could be generated under vastly different geochemical conditions.
CONCLUSION
MoS 4 adsorption to pyrite appears to result in a large isotope fractionation (2.9‰). This fractionation is roughly the same as that observed for MoO 4 adsorption to manganese oxides , although it differs from values obtained for MoO 4 adsorption to a variety of iron oxides (Goldberg et al., 2009;  Fig. 1C ). The fractionation observed in our anoxic adsorption experiments is greater than that inferred for anoxic continental margin sediments, suggesting that adsorption to pyrite is not the sole process generating the isotopic compositions observed in reducing marine sediments. Instead, the Mo isotope fractionation we infer for Mo-sulfide precipitation is more in line with results from modern continental margin sediments (Poulson Brucker et al., 2009) . We interpret our results to indicate that Mo adsorption to pyrite directly from an ocean water Mo reservoir is an inaccurate representation of the net authigenic process in reducing continental margin sediments. However, it is certainly plausible that the variations in sediment Mo iso-tope values observed in some reducing marine environments could result from a mixture of fractionation processes, including adsorption to pyrite.
